Ethyl-N-dodecanoyl-L-arginate hydrochloride (LAE, ethyl lauroyl arginate HCl) is a cationic surfactant used as a food preservative with broad-spectrum antibacterial activities. However, its resistance development, influences on gut microbiome and molecular target are unclear. In this study, bacteria were stimulated by LAE for 30 days to test the bacterial resistance. Several infected animal models were used to evaluate the antibacterial effect of LAE in vivo. Mice were orally treated with LAE to test its effect on animal growth. The influence of LAE on mice gut microbiome was analysed by 16S rDNA sequencing. The results indicated that Escherichia coli did not develop resistance to LAE. LAE significantly combats bacterial infection in mice, ducklings and piglets. Moreover, LAE promotes mouse weight gain without changing body composition or reducing animal vitality, and induces lower hepatotoxicity than ampicillin. In the mouse gut microbiome assessment and characterization, LAE modifies host gut microbiota structure. Mechanistically, LAE specifically binds to acidic phospholipids including phosphatidylserine, depolarizes the membrane and disrupts the bacterial membrane followed by bacterial growth inhibition. This study investigates the molecular mechanism of LAE as well as its antibacterial functions in poultry and livestock. Our data suggest LAE is a potential antibacterial agent in animal health.
Introduction
Resistance development limits the useful lifespan of antibacterial agents, and the consequent failure of antibiotic therapy has restored infectious diseases to the list of leading causes of death worldwide, causing a public health crisis (2018) . Antibiotics fight against bacterial infection, and they are also used as growth promoters in animals to increase weight gain partly by attenuation of the intestine wall (Hendrickx, et al., 2015) , such as ampicillin (AMP), a b-lactam antibiotic with a broad spectrum (Butaye, et al., 2003; Cho, et al., 2012; Danzeisen, et al., 2015; Redondo, et al., 2015) . However, approximately 75% of antibiotics have poor metabolic activity and are excreted into the environment or stay in the animal tissue (Chee-Sanford, et al., 2009) . Diverse, abundant and potentially mobile antibiotic resistance genes in farm samples suggest that intensive animal husbandry is believed to be a major contributor to the increased environmental burden of antibiotic resistance (Shi, et al., 2011; Zhu, et al., 2013; Huang, et al., 2015) .
Antibacterial drugs that inhibit cell wall synthesis, DNA replication and protein synthesis need to enter bacterial cells, thus giving bacteria an opportunity to develop tolerance by preventing drugs entry, increasing drugs efflux, changing drug targets and degrading drugs (Kupferschmidt, 2016) . Charged molecules interact with microbial membranes through electrostatic interactions, thus depolarizing the membrane and physically damaging the bacterial morphology (Zasloff, 2002) . As membrane targeting antibacterial molecules destroy the first line of bacteria defence, they render bacteria less likely to develop resistance (Wenzel, et al., 2014; Lam et al., 2016) . Compared with eukaryotic cells, prokaryotic cell membranes contain more negatively charged acid phospholipids such as phosphatidylserine (Zasloff, 2002; Lam et al., 2016) . In addition, the acid phospholipids were evenly distributed on the internal and external phospholipid bilayers of prokaryotic cells, while it was only distributed on the internal phospholipid bilayer of eukaryotic cells (Matsuzaki, 1999) . Acidic phospholipids may be the bacterial target of non-toxic cationic antibacterial compounds.
In addition to inducing antibiotic-resistant bacteria (Levy and Marshall, 2004; Gullberg, et al., 2011; Wang, et al., 2017; Zurfluh, et al., 2017) , antibiotics also disturb the gut microbiome because they are unfavourable to the growth of probiotic bacteria and promote the expansion of pathogens (Pallav, et al., 2014; de Gunzburg, et al., 2018) . Probiotic bacteria are the bacteria that confer health benefits to the host, including increased body weight and improved immunity (Turroni, et al., 2014) . Bifidobacterium and Lactobacillus are the most widely studied probiotic bacteria in the human or animal gut possessing distinct beneficial attributes by strengthening the intestinal barrier, modulating the immune response and antagonizing pathogens either by the production of antimicrobial compounds or through competition for mucosal binding sites (Gao, et al., 2017) . However, high levels of probiotic bacteria are only found in infants and newborn animal guts (Turroni, et al., 2010) . Hence, probiotics are used in feeding to get effects on absorption and utilization of feed, increasing the productivity of various animals (Casey, et al., 2007; Samli, et al., 2007) . The use of antibiotics as feed additives has been restricted in several countries due to their side-effects (Gadde, et al., 2017) , so it is urgent to develop safer candidates.
Ethyl-N-dodecanoyl-L-arginate hydrochloride (LAE, CAS: 60372-77-2) is a food-grade cationic surfactant that has strong antimicrobial activities against a wide range of microorganisms, including bacteria, fungi and yeast, with low animal toxicity (Rodriguez, et al., 2004; Ruckman, et al., 2004; Hawkins, et al., 2009) . LAE has been considered as a safe food additive by the Food and Drug Administration (FDA) since 2005 and the European Food Safety Agency (EFSA) since 2007 (Muriel-Galet, et al., 2012) . Existing studies only show its ability to destroy bacterial cell membranes (Rodriguez, et al., 2004) . A previous study (Schwartz, et al., 1997) on the mammalian metabolism of LAE in rats indicated an almost complete absorption of LAE, and it was completely metabolized to endogenous components, including CO 2 , water, ornithine, urea and L-arginine (Hawkins, et al., 2009) . However, its molecular target, effects on drug resistance development and influence on antibacterial activity and the gut microbiome in vivo are not clarified.
In this study, we describe the evaluation of LAE as an antimicrobial veterinary drug and growth promoter. 16S ribosomal DNA (rDNA) amplicon sequencing was performed to analyse the influence of LAE on mouse gut microflora. Moreover, its antibacterial mechanism was also preliminarily investigated.
Results

Bacterial resistance to LAE is much lower than to antibiotics
We evaluated the antibacterial efficacy of LAE by determining its minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) against Staphylococcus aureus and E. coli. The MIC of LAE against E. coli and S. aureus was 16 and 8 lg ml À1 respectively. The MBC of LAE against E. coli and S. aureus was both 16 lg ml À1 (Table 1) . According to the time-kill assays, it took less than 30 min for LAE to reduce E. coli and S. aureus population from 9.33 9 10 5 CFU ml À1 and 3.13 9 10 6 CFU ml À1 , respectively, to zero at 32 lg ml À1 ( Fig. 1 A,B ). Many antibiotics have become ineffective soon after introduction due to bacterial resistance, so the ability of drugs to induce bacterial resistance has been tested in vitro. There was no change in the MIC of LAE against E. coli after 30 days of stimulation at sub-MIC concentration, which remained 16 lg ml À1 from beginning to end. Under the same experimental conditions, the MIC of several antibiotics against E. coli increased to varying degrees (Fig. 1C ). For S. aureus, the MIC of chlortetracycline increased to 4 times the initial MIC, and the MIC of LAE and levofloxacin increased to 2 times the initial MIC. The MIC of florfenicol, ampicillin and vancomycin remained unchanged (Fig. 1D ). This study suggested that LAE induced lower drug resistance than antibiotics tested in this research.
LAE significantly combats bacterial infection in several species of mammals and poultry
To validate the effect of LAE against pathogens in vivo, we set up three different infected animal models including mouse peritonitis model, piglets yellow scour and duckling Riemerella anatipestifer infection model. First, a mouse peritonitis model was set up by intraperitoneal injection of bacteria to monitor the amount of pathogens and mouse survival. As shown in Fig. 2A , the total quantity of pathogenic E. coli in the peritoneal cavity was significantly reduced in LAE intraperitoneal injected (i.p.) mice (P = 0.0004). LAE (i.p.) reduced the level of IL-1b that increased in mice as a result of bacterial infection ( Fig. 2B , P = 0.0052). Accordingly, the survival of LAE-treated mice was also significantly extended when compared with that of control groups ( Fig. 2C , P < 0.0001), suggesting a key role of LAE in the clearance of invading bacteria. LAE was also introduced through oral gavage and reduced the E. coli ( Fig. 2D ) and S. aureus ( Fig. 2E ) number in vivo.
These results suggested that LAE reduced the number of Gram-positive and Gram-negative pathogens by intraperitoneal injection or oral intake in mammals. The pig farm selected as the experimental site had a yellow scour breakout in Henan province, China. 118 three-to thirteen-day-old ill piglets were treated with 10 mg kg -1 , 50 mg kg -1 LAE or 50 mg kg -1 gentamicin three times per day for 4 days. The survival rate of 50 mg kg -1 and 10 mg kg -1 LAE group was 78.57% and 72.2% respectively. The survival rate of 50 mg kg -1 gentamicin group was 77.5% (Table S1 ). In this experiment, LAE showed better effects on yellow scour than gentamicin at the same dose.
Riemerella anatipestifer is a Gram-negative pathogen, which seriously harms duck farming. Ducklings were infected with R. anatipestifer by intramuscular injection 8 h after the first LAE oral treatment, followed by LAE treatment three times at 8-h intervals. All ducklings without drug treatment died within 4 days ( Fig. 2F , P < 0.0001), while treatment with 40 mg kg -1 LAE kept all ducklings alive until day 6, with only one duckling dying on the 7th day. Even the lowest dose (8 mg kg -1 ) resulted in a 70% survival rate on the last day of the experiment. In summary, LAE is effective in treating bacterial diseases in poultry and mammals.
LAE promotes weight gain without changing body composition or reducing animal vitality and shows lower organ toxicity than antibiotic treatment
To detect the effects of long-term LAE intake on animals, we added LAE (1 mg kg -1 ) or ampicillin (AMP, 1 mg kg -1 ) to the drinking water of four-week-old male BALB/c mice for 10 weeks. In the second and third weeks, the LAE group had a significantly higher increase in body weight gain compared with the untreated control group, which was 26.61% (P = 0.0017) and 55.37% (P = 0.027) respectively ( Fig. 3B ). In the last week, 7.43% (P = 0.0011) body weight improvement in the LAE group was observed compared with the untreated water group (Fig. 3A ). Feed utilization rate was also improved by LAE. To be specific, the ratio of weight gain/feed intake in the first, second and third weeks was increased by 20.5%, 30.32% and 61.37% respectively (Fig. 3C ). The body fat ratio and lean ratio were not influenced by drug treatment ( Fig. S1 A,B ). The body weight improvement of the LAE group was not accompanied by a change in animal vitality or respiratory metabolism ( Fig. S1 C, D, F, G). The AMP group did not show significant difference compared with the water group in the above results. Although there was no significant difference among three groups in the organ index ( Fig. S1E ), the organ photographs ( Fig. 3D and Fig. S2 ) revealed several white non-raised spots on the surface of the AMP group (3 of the 10) mouse livers ( Fig. 3D , black arrows). Several disordered areas of cells surrounded by inflammatory cells (Fig, 3E , blue dotted area indicated by blue arrows) were observed by H&E staining, which indicated hepatotoxicity of ampicillin. An attenuation of the intestinal wall in the AMP treatment group was also observed by H&E staining (Fig. 3F ). The thickness of the intestine wall in the AMP group was significantly decreased compared with controls. LAE increased the muscular and the full MBC is defined as the minimum concentration of an antimicrobial agent at which no bacterial colony on agar plates is observed. Identical MIC values were obtained across three replicates completed in two independent experiments. layer thickness of the ileum. Other organs of the LAE group did not show visible differences compared with the control water group, whether assessed by organ index, photograph or H&E staining. These results suggested that LAE promoted healthier animal growth than antibiotic (i.e. ampicillin) treatment, while ampicillin had potential hepatotoxicity.
LAE modifies host gut microbiota structure
Antibacterial drugs usually have negative effects on the gut microbiome, such as reducing probiotic abundance and microbial diversity (Kofteridis, et al., 2009; Pallav, et al., 2014) . Principal component analysis (PCA) of the community composition at the genus level on the day before drug administration and on the 14th and 28th day of drug treatment showed that both LAE and AMP altered the gut microbial community structure significantly ( Fig. 4A ). Bifidobacterium and Lactobacillus are the two most typical probiotics, and Faecalibaculum, Blautia and Odoribacter are also beneficial to hosts (shown in blue letter in Fig. 4B and Fig. S3A ). Heat map of relative abundance of the top 50 bacteria at the genus taxonomic level showed that LAE significantly (P = 0.01) increased the relative abundance of Bifidobacterium on the 28th day compared with the water group, while AMP decreased it significantly (P = 0.046) on the 28th day. LAE elevated the relative abundance of Faecalibaculum (P = 0.0014), and AMP decreased it significantly (P = 0.0056) on the 28th day. Neither LAE nor AMP influenced the relative abundance of Lactobacillus, Blautia and Odoribacter. As for disease-related gut microorganism (shown in red letter in Fig. 4b and Fig. S3B ), on the 28th day, both AMP and LAE decreased the relative abundance of Streptococcus (P < 0.05), but only LAE inhibited Mycoplasma (P = 0.019). AMP significantly promoted the growth of Prevotellaceae (P = 0.0461 on the 28th day), Parabacteroides (P = 0.0275 on the 28th day) and Enterorhabdus (P = 0.0261 on the 14th day and P = 0.0253 on the 28th day). Moreover, the number of genera in the AMP group was significantly lower than that in the water group ( Fig. 4C , P = 0.026) on the 14th day, indicated that AMP reduced the diversity of intestinal flora. There was no significant difference calculated among the three groups in the average number of classes, orders, families and species ( Fig. S4 ). Hence, LAE was more beneficial to mouse gut microflora than ampicillin.
LAE binds to acidic phospholipid phosphatidylserine and dissipates the bacterial membrane potential, causing membrane perturbations
To observe the morphological changes resulting from LAE treatment, scanning electron microscope (SEM) analysis was performed on E. coli exposed to LAE at 1 9 MIC or phosphate buffer. After 5 min of exposure to MIC concentration LAE, the bacteria exhibited external modifications including an irregular shape, significant rough surfaces, pore formation and cell debris ( Fig. 5A ). All these alterations on the outer bacterial envelope indicated that the cell membrane was one of the targets of LAE.
It was observed that the treatment of bacterial cells with LAE induced a shift towards a more depolarized population as concentration increased (Fig. 5B) . These results suggested that the interaction of LAE with the bacteria resulted in membrane potential dissipation. The cell membrane defines the structure of both eukaryotic and prokaryotic cells, but LAE had lower cytotoxicity ( Fig. 1E ) and haemolysis of eukaryotic cells (Fig. 1F ). Furthermore, the concentration of LAE needed for depolarization of the bacterial cell membrane was also different. 6.25 lg ml À1 of LAE depolarized bacterial cell membranes ( Fig. S5A, B ), while 50 lg ml À1 of LAE only caused slight depolarization of erythrocyte membranes (Fig. S5C ). This phenomenon indicated that a difference between eukaryotic cell and prokaryotic cell membrane components was an antibacterial target of LAE.
Zwitterionic phospholipids, such as phosphatidylcholine (PC) or phosphatidylethanolamine (PE), are the main phospholipids in both eukaryotic and prokaryotic cell membranes, while acidic phospholipids with negative charges such as phosphatidylserine (PS) were distributed more on prokaryotic cell membrane surfaces (Matsuzaki, 1999; Zasloff, 2002; Lam et al., 2016) . Hence, the interaction between phospholipids and LAE was studied by isothermal titration calorimetry (ITC). When the acidic phospholipid PS was mixed with LAE, heat was released, and the KD value was 2.95E5 M. On the other hand, no interaction happened when the zwitterionic phospholipid PC or PE was mixed with LAE ( Fig. 5C ). The results suggested that LAE preferred to interact with acidic phospholipids.
Bacteria were treated with PS, PE or PC, respectively, prior to treating with LAE. The number of viable bacteria was not influenced by any of the phospholipids under control conditions, but was reduced by LAE, and this reduction was only rescued by the presence of PS. This phenomenon was observed in both E. coli and S. aureus (Fig, 5D ), and suggested that the interaction between LAE and acidic phospholipids was involved in the process of the antibacterial effect of LAE.
Discussion
Ethyl-N-dodecanoyl-L-arginate hydrochloride has been used as a food and cosmetic additive for more than 10 years; however, no published data are available on its induction of resistant bacteria, or on its antibacterial effects in vivo. In addition, the effect of LAE on animal growth performance and on the gut microbiome, as well as its antibacterial mechanism, also has not been clarified. Here, we find that LAE exhibits antibacterial activity in several infected animal models, and promotes body weight gain in mice, along with an increase in the relative abundance of Bifidobacterium in mouse guts. In addition, we found that LAE prefers to interact with acidic phospholipids of the cell membrane, suggesting that it has selective inhibitory effects on bacteria.
Ethyl-N-dodecanoyl-L-arginate hydrochloride is metabolized to L-arginine, ornithine, CO 2 and water in animals (Hawkins, et al., 2009 ). L-arginine is an abundant amino acid in tissue proteins and is used as feed additive to regulate nutrient metabolism and immune function in animals; therefore, it enhances the efficiency of feed utilization for protein accretion (He, et al., 2009) . Many other studies (Everett, et al., 2017; Liu, et al., 2017; Zhang, et al., 2017) suggest that L-arginine plays important roles in anti-infection immunity including reducing bacterial invasion, regulating innate immune responses and protecting mice from infection. Here, our results indicate that LAE effectively combats bacterial infection in mice, ducklings and piglets. Combined with the results from other studies, LAE exerts antibacterial function in vivo by not only due to the direct inhibition of bacteria by LAE but also probably due to anti-infection effects of the metabolite.
The thickness of the intestine wall (Dibner and Richards, 2005) , animal vitality (Merks, et al., 2012) and fat ratio affect the productivity of breeding animals. Evidence shows that b-lactams make the chick intestine wall thinner and increase the permeability of nutrients to pass the wall, resulting in growth promotion (Coates, et al., 1955) . We did find that ampicillin significantly thinned the intestine wall; however, there was no growth promotion by ampicillin within 10 weeks in mice, and this phenomenon was also observed by other researchers in shorter time periods (Cho, et al., 2012) . LAE improved the weight gain of mice without decreasing the intestine wall thickness, influencing the body component ratio or animal vitality, and this phenomenon might be due to the amino acid it is metabolized to in mice, indicating that LAE is beneficial to animal growth in several ways.
Liver injury caused by drug treatments weakens digestive system functions, influencing animal productivity. It has been reported that b-lactam antibiotics induce human liver injury in clinical practice (deLemos, et al., 2016; Medina-Caliz, et al., 2016; Paech, et al., 2017) ; however, few reports indicate the impact of ampicillin on animal livers. We found that ampicillin induced mouse hepatotoxicity, which is similar to hepatic granuloma in H&E staining. In addition, intestinal wall thinning is another injury ampicillin induced in mice. Taken together, our findings suggest LAE is a growth promoter with lower toxicity to animals than ampicillin.
Another side-effect of antibacterial agents is that they unbalance the gut microbiota Macfarlane, 2014) . For instance, ampicillin and gentamicin cause a significant and immediate decrease in bacterial species richness and diversity Le Bastard, et al., 2018) . It has been shown that even short-term antibiotic administration has long-term impacts on the gut microbiome (Jakobsson, et al., 2010) . Bifidobacterium, the well-recognized model probiotic bacterial genera in gut, is beneficial to host with effects on absorption and utilization of feed, increasing the productivity of various animals. Faecalibacterium is the most abundant bacterium in the human intestinal microbiota of healthy adults which is thought to confer anti-inflammatory benefits (Miquel, et al., 2013) . Intestinal Blautia reduced death from graft-versus-host disease (Jenq, et al., 2015) . Odoribacter shows great potential to maintain the intestine or immune system by producing sulfonolipids (Walker, et al., 2017) . In contrast to these beneficial microbes, Mycoplasmas cause respiratory and reproductive system infection in hosts (Gautier-Bouchardon, 2018; Zhou, et al., 2018) . Streptococcus is a hostadapted bacterial pathogen that is among the leading infectious causes of host morbidity and mortality (Barnett, et al., 2015) . Enterorhabdus is related to Fig. 2 . LAE combats bacterial infection in infected animals.A. Efficacy of intraperitoneal injection of LAE on the clearance of pathogens in E. coli-infected mice (n = 6). Mice were challenged with 10 8 CFU E. coli (E. coli, ATCC 25922) through intraperitoneal (i.p.) injection. An hour later, mice were divided randomly into three groups and treated with an intraperitoneal injection of PBS, LAE or antibiotic at the indicated doses. After 24 h, E. coli was obtained by abdominal cavity lavage and colony formation on TSA plates was quantified. AMP, ampicillin.B. Expression of IL-1b in peritoneal fluid.C. Effect of LAE on survival rate of E. coli-infected mice (n = 10). Three groups of BALB/c mice were divided and challenged with 10 9 CFU E. coli 1 h before drug treatment, and the mice were checked every 2 h to obtain a survival curve.D. Efficacy of oral LAE on the clearance of pathogens in E. coli-infected mice (n = 6). Mice were challenged with 10 8 CFU E. coli through intraperitoneal (i.p.) injection. An hour later, mice were divided randomly into six groups and orally treated with PBS, LAE or antibiotics at indicated doses. After 24 h, E. coli was obtained by abdominal cavity lavage and colony formation on TSA plates was quantified.E. Efficacy of oral LAE on the clearance of pathogens in S. aureus-infected mice (n = 6). BALB/c mice were infected with 10 8 CFU S. aureus. An hour later, mice were divided randomly into seven groups and orally treated with PBS, LAE or antibiotics at indicated doses. After 24 h, S. aureus was obtained by abdominal cavity lavage and colony formation on TSA plates was quantified. CFZ, cefazolin, FFC, florfenicol; LEV, levofloxacin, VA, vancomycin.F. Effect of LAE on survival rate of R. anatipestifer (shown as R. anatipestifer)-infected Cherry Valley ducklings (n = 10). inflammatory diseases (Clavel, et al., 2009; Yang, et al., 2015) . Parabacteroides enhances colitis in mice (Dziarski, et al., 2016) . Prevotellaceae promotes inflammation-associated intestinal carcinogenesis (Gagliani, et al., 2014) . In the present study, LAE elevated the probiotic microorganism levels, while ampicillin promoted the growth of several disease-related microorganisms. Ampicillin reduces the richness of the gut microbiome at the genus level as well. These results suggest that LAE enhances animal health partly via increasing the proportion of health-promoting bacteria and is more beneficial to gut health than ampicillin.
Membrane integrity targeting compounds, for example polymyxins and LAE (Rodriguez, et al., 2004) , destroy the first line of bacterial defence which prevents bacteria from developing drug resistance. Consistent with these findings, there was no resistance in E. coli induced by LAE, while the bacteria became insensitive to several kinds of antibiotics which target biomacromolecules. This phenomenon might be due to the membrane targeting antibacterial mechanism of LAE.
The membrane is a cellular structure common to both eukaryotic and prokaryotic cells. However, LAE shows excellent antibacterial activity with low toxicity against mammalian cells, and the concentration of LAE required for depolarization of erythrocyte and bacterial cell membranes is different. To find the cause of these differences, we focused on the acidic phospholipid phosphatidylserine, which is a negatively charged molecule with a different local distribution between eukaryotic and prokaryotic cell membranes (Matsuzaki, 1999; Zasloff, 2002; Lam et al., 2016) . Hence, we supposed that phosphatidylserine interacts with positively charged LAE and participates in the antibacterial process of LAE. The ITC results show that LAE binds to phosphatidylserine instead of neutral phospholipids such as phosphatidylcholine or phosphatidylethanolamine, which are the main membrane phospholipids in both eukaryotic and prokaryotic cells. Furthermore, only phosphatidylserine protected bacteria from LAE-induced death and the protection was in a dose-dependent manner. Taken together, we suggest that negatively charged acid phospholipids attract positively charged LAE to the bacterial membrane surface resulting in membrane depolarization and further leading to membrane disintegration and bacterial death. However, there are thousands of proteins embedded in or on the surface of the phospholipid bilayer, so the effect of LAE on membrane proteins remains undetermined in our work and needs further investigation.
In conclusion, LAE binds to acid phospholipids and depolarizes the bacterial membrane resulting in bacterial death with low drug resistance. LAE exhibits antibacterial activity in vivo and promotes growth with potentially beneficial modifications to the gut microbiota. As a result, LAE is not only a potential veterinary drug for bacterial infection but also a potential low-risk feed additive for animal growth.
Experimental procedures
Cells and bacteria
Mouse myoblasts (C2C12) and human fibroblast (HaF) were purchased from ATCC (Manassas, VA, USA). Immortalized human keratinocytes (HaCaTs) were purchased from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China. Cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. E. coli ATCC 25922 and S. aureus ATCC 29213 were purchased from ATCC (Manassas, VA, USA). R. anatipestifer strain was isolated from an infected duck farm in China by the Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences. All bacteria were cultured in Mueller-Hinton broth (MHB; Oxoid, Basingstoke, Hants, UK).
Mouse husbandry
Male BALB/c mice were purchased from the Shanghai Laboratory Animal Company (Shanghai, China). Mice used in these experiments were housed under pathogen-free conditions and were maintained in accordance with institutional guidelines. All experimental protocols were approved by the Animal Investigation Committee of East China Normal University (No. m20190212).
Measurement of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
The MIC was determined by the broth microdilution procedure according to the Clinical & Laboratory Standards Institute (CLSI) guidelines. The broth microdilution method involved a twofold serial dilution of range of Fig. 3 . LAE promotes weight gain and shows less organ toxicity than ampicillin. 21-day-old male BALB/c mice were exposed to LAE or ampicillin (AMP), or untreated control (water) drinking water for 10 weeks (n = 10).A. LAE promoted growth.B. Weight gain was significantly increased in LAE group compared with water group.C. LAE enhances feed efficiency in the first, second and third weeks. The mouse livers were harvested, photographed (D, black arrows, disease area; scale bar, 1 cm), sectioned and stained with H&E (E). Scale bar, 100 lm; blue dotted line indicated by blue arrows, inflammatory cells; black arrows, normal hepatocyte with cell borders, while AMP group hepatocytes are aberrant.F. The mouse duodenum and ileum were sectioned and stained with H&E. Blue arrows, mucosa layer; red arrows, muscular layer; yellow arrows, full layer; scale bar, 200 lm. The graph indicates the mean thickness of mouse duodenum and ileum (n = 5). . 4 . LAE modulates the gut microbiota structure.BALB/c mice were exposed to LAE (1 mg kg -1 ) or ampicillin (AMP, 1 mg kg -1 ) in drinking water or kept as untreated controls (water) for 10 weeks (n = 10 per group).A. Principle component analysis (PCA) of community composition at genus level on day 0/14/28.B. Heat map of relative abundance of top 50 bacteria at the genus taxonomic level (blue letters, probiotic microorganisms; red letters, disease-related microorganisms).C. The number of microbial groups (n = 10) at the genus taxonomic level.
3.12-100 lg ml À1 . Strains were grown in MHB at 37°C in an ambient atmosphere. The MIC was determined as the lowest concentration of compound that inhibits visible growth following a 24 h of incubation period. For MBC assays, the bacterial suspensions were diluted in PBS solution and plated on MHB agar plates. The plates were incubated for 24 h at 37°C, and the CFU was counted. MBC was defined as the lowest concentration of drug that killed ≥ 99.9% initial inoculums after 24 h of incubation at 37°C. Results presented are representative of at least two experiments.
Time-kill assays
Bacteria cells at exponential phase were diluted with Tryptone Soya Broth (TSB). Approximately 5 9 10 5 CFU ml À1 organisms were inoculated into each member of a series of test tubes containing twofold concentration increments of drug. Cells were incubated at 37°C with shaking at 220 rpm. At 0, 0.5, 1, 1.5, 2 h of time points, viable bacterial numbers were estimated by diluting, plating and counting the colony-forming unit (CFU) on Tryptone Soya Broth agar (TSA) plates.
Resistance studies
Resistance studies were performed by using a modified method described by Ling et. al (Ling, et al., 2015) . For resistance development by sequential passaging, S. aureus ATCC 29213 or E. coli ATCC 25922 cells at exponential phase were diluted with MHB. At least 10 7 organisms were inoculated into each member of a series of test tubes containing twofold concentration increments of drug. Cells were incubated at 37°C with shaking and passaged at 24 h of intervals in the presence of LAE or chloramphenicol at different concentrations. Bacteria were sequentially cultured in the presence of different concentrations of LAE in order to increase the probability of obtaining resistant mutants. S. aureus (ATCC 29213) or E. coli ATCC 25922 cells were grown in 2 ml of MHB containing LAE at different concentrations. Cells were added to LAE present at 0.25 9 MIC, 0.5 9 MIC, 1 9 MIC, 2 9 MIC and 4 9 MIC. At 24 h of intervals, the cultures were checked for growth. Cultures from the second highest concentrations that allowed growth were diluted 1:100 into fresh media containing 0.25 9 MIC, 0.5 9 MIC, 1 9 MIC, 2 9 MIC and 4 9 MIC of LAE. This serial passaging was repeated daily for 30 days.
Cytotoxicity
The cells were seeded into 96-well plates at a density of 5000 cells per well and washed with sterile PBS once to remove the unattached cells after 24 h. 100 ll of serially diluted LAE was added into the adherent cells and incubated for 48 h. Cytotoxicity was determined using a cell viability assay (CCK8, Cell Counting Kit-8, Kumamoto, Japan). 10 ll CCK8 was added into the cells and mixed gently, and the plate was cultivated at 37°C and read at 450 nm until the OD 450 of controls was between 0.8 and 1.2. The concentration of the test compound that reduced the cell viability by 50% (IC 50 ) was determined by non-linear regression analysis using GraphPad Prism 5.0 software. Two independent experiments were carried out, and three samples per test were taken for statistical analysis.
Haemolytic activity
Two percentage of red blood cell suspension was added to the wells of a 96-well U-bottomed plate. LAE was serially diluted twofold in PBS and added to the wells resulting in a final concentration ranging from 4 to 256 lg ml À1 . 0.5% Triton X-100 (Sangon, Shanghai, China) was used as a positive control, while 0.01M PBS was used as a negative control. After 1 h, the plate was centrifuged and the absorbance value of the supernatant at 450 nm was measured. Two independent experiments were carried out, and three samples per test were taken for statistical analysis.
Peritonitis mouse model
Six-to 8-week-old BALB/c female mice were chosen for induction of peritonitis to mimic bacterial infection. To count the number of bacteria in peritoneal fluid, mice were challenged with 10 8 CFU bacteria through intraperitoneal (i.p.) injection. An hour later, mice were divided randomly into different groups and treated with indicated concentrations of antibiotics or LAE. 24 h after infection, the peritoneal cavity of each mouse was washed with 2 ml PBS, and peritoneal fluid was collected. The number of survival pathogens was calculated on TSB plates. Another three groups were divided and challenged with 10 9 CFU bacteria through intraperitoneal injection 1 h before treatment with drugs as described above, and the mice were checked every 2 h to obtain a survival curve.
Enzyme-linked immunosorbent assay (ELISA)
To test the inflammatory factor level from mouse peritoneal fluid as described above, secretion of IL-1b and TNF-a was measured by the use of mouse OptEIA enzyme-linked immunosorbent assay (ELISA) kits (BD Biosciences, San Diego, CA, USA).
Duckling R. anatipestifer infection model
The effects of LAE on R. anatipestifer-infected ducklings were tested in the Shanghai Veterinary Research Institute (Chinese Academy of Agricultural Sciences). 60 7-day-old Cherry Valley ducklings were randomly divided into 6 groups (n = 10). Each drug-treated group (except for the uninfected group) was intramuscularly injected with 0.2 ml of R. anatipestifer diluted to 5 9 10 6 CFU 8 h after the first drug administration. Ducklings were treated orally with drug at the indicated doses 3 times per day for 3 days. The survival rate of ducklings was recorded for 7 days.
Piglet yellow scour assay
A pig farm with outbreak of yellow scour in the Henan province of China (Henan Guangan Group) was selected as the experimental site. 118 ill piglets (3-13 days of age) were treated with 10 mg kg -1 , 50 mg kg -1 LAE oral administration (p.o.) or 50 mg kg -1 gentamicin intramuscular injection, (i.m.) three times per day for four days. The number of surviving piglets of each group was recorded.
Mouse gut microbiome analysis
Male BALB/c mice were obtained on day 21 of life from Shanghai Laboratory Animal Company (Shanghai, China). Mice were weighed at the beginning and distributed ten per group to achieve equal mean weights in each group and were housed five per cage. Beginning on day 28 of life, mice were given untreated water, or water containing ampicillin or water containing LAE. Doses were adapted from the FDA Green Book and generally were in the mid-range of ampicillin approved for the use in agriculture. To simplify administration, the drugs were added to drinking water at a dose of 1 lg per g body weight of the mice, based on the calculation that daily water intake is proportional to body weight. Two times a week, each mouse was weighed. The growth rate of group LAE relative to group water is calculated as follows:
Faecal pellets were collected every week and stored at À20°C until DNA extraction. The v3-v4 region of the 16S rDNA gene was amplified using forward primer (5'-ACTCCTACGGGAGGCAGCA-3') and reverse primer (5'-GGACTACHVGGGTWTCTAAT-3'). The Illumina MiSeq sequencing library was prepared using amplified products as template. The reference database for sequencing analysis was Silva. Body composition was determined using a body fat measurement instrument (MEG-Accufat) every week. All mice were sacrificed and hearts, livers, spleen, lungs and kidneys were isolated and weighed. For pathological investigation, all tissues were immediately fixed in 4% paraformaldehyde solution.
Indirect calorimetry
BALB/c mice were singly housed in metabolic cages under a 12 h of light/dark cycle. Mice had unrestricted access to feed and ampicillin, LAE or control water, as appropriate. There was a 1-day acclimatization period, followed by 2 days of measurements. Data on VO 2 and VCO 2 were recorded every 10 or 11 min for a 48 h of period at 23°C. Physical activity was measured by infrared light detector.
Isothermal titration calorimetry (ITC)
ITC measurements were performed with a MicroCal 200 Instrument (Huang, et al., 2016) . A total of 80 ll of LAE (1 mM) was injected (2 ll for each injection) into the reaction cell containing 400 ll of phospholipids (0.1 mM) at 25°C. The titrant was injected at 5 min of intervals to ensure that the titration peak returned to the baseline before the next injection.
Membrane potential assay
Membrane potential was determined by flow cytometry using a BacLight Bacterial TM Membrane Potential Kit Fig. 5 . Antibacterial mechanism of LAE. LAE dissipates the bacterial membrane potential by binding PS, causing membrane perturbations and bacterial death.A. Scanning electron microscopy of E. coli treated with LAE or untreated controls. Scale bar, 1 lm. B. Membrane potential flow cytometric dot plots obtained after incubating S. aureus (B top) or E. coli (B bottom) with 30 µM DiOC 2 (3) for 1 h in the presence or absence of CCCP (a proton ionophore), and LAE at 0.125 9,0.25 9, 0.5 9 and 1 9 MIC. The controls where CCCP was either absent (À CCCP) or present (+ CCCP) represent the normal membrane potential state and fully depolarized state for bacteria respectively (n = 3).C. ITC measurements of the binding affinity of LAE to three kinds of phospholipids.D. Bacterial fluid was mixed with sterile ddH 2 O or different concentrations (10, 100 lM) of PS in the 96-well plates. Then, 16 lg ml À1 of LAE (for E. coli) or 8 lg ml À1 of LAE (for S. aureus) was added. The plate was cultured in 37°C for 24 h. The number of viable bacteria of each well was estimated by diluting, plating and counting the colony-forming units (CFU) on MHA plates. To test the difference in protective effect among PS, PC and PE, bacteria were mixed with the three kinds of phospholipids, respectively, at the same concentration, before treatment with LAE in a 96-well plate. Viable bacterial number of each well was estimated after the plate was cultured in 37°C for 24 h (n = 3).
% weight gain ¼ average weight gain of LAE group À average weight gain of water group average weight gain of water group Â 100:
(Invitrogen B34950) (Lam et al., 2016) . E. coli cells were cultured to mid-log phase. Viable cells were then diluted to 2.5 9 10 7 cells ml À1 in PBS and treated with different concentrations (0.125 9, 0. 25 9, 0. 5 9, 1 9 MIC) of LAE. CCCP at a final concentration of 5 lM was performed as positive control. Before a 1 h of incubation at room temperature, 30 lM DiOC 2 (3) was added to all samples. Membrane potential was determined by a cell flow cytometer (BD FACSCalibur TM ) as the ratio of cells that exhibited red fluorescence to those that displayed green fluorescence. Data were representative of two independent assays completed in duplicate.
Phosphatidylserine protection assay
Bacterial cells in mid-exponential phase were diluted to 1.25 9 10 8 cells ml À1 in MHB. 80 ll of bacterial fluid was mixed with 20 ll sterile ddH 2 O or different concentrations (10, 100 lM) of PS in the 96-well plates. Then, 100 ll of MHB containing 16 lg ml À1 of LAE (for E. coli) or 8 lg ml À1 of LAE (for S. aureus) was added to the wells. The plate was cultured in 37°C for 24 h. The number of viable bacteria of each well was estimated by diluting, plating and counting the colony-forming units (CFU) on MHA plates. To test the difference in protective effect among PS, PC and PE, bacteria were mixed with the three kinds of phospholipids, respectively, at the same concentration, before treatment with LAE in a 96well plate. Viable bacterial number of each well was estimated after the plate was cultured in 37°C for 24 h.
Statistics
Grouped data are expressed as mean AE SD. Significance between groups was analysed by one-way ANOVA or Student's t-test using GRAPHPAD PRISM 5.0 (GraphPad Soft, San Diego, CA, USA). Differences were considered significant when P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***).
Supporting information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Fig. S1 . There was no different in body fat ratio (A), body lean ratio (B), horizontal activity (C), standing counts (D), or organ index (E), respiratory exchange rate (F) and heat consumption rate (G) between the three groups. Fig. S2 . Both LAE and Ampicillin show non-toxicity to mouse heart, spleen, lung and kidney. The influence of LAE on mouse organs. BALB/c mice were exposed to LAE or Ampicillin (AMP) in drinking water, or kept as untreated controls (Water) for 10 Weeks (n = 10). The mouse organs were harvested, photographed (A), sectioned, and stained, and stained with H&E (B). Scale bar, 100 lm. Fig. S3 . The influence of LAE and ampicillin on the relative abundance of several probiotic or disease-related gut microorganism genera and families. The relative abundance of (A) probiotic microorganisms (shown in blue letters) Bifidobacterium, faecalibaculum, Lactobacillus, Blautia, Odoribactor, and (B) disease-related microorganisms (shown in red letters) Prevotellaceae, Streptococcus, Mycoplama, paeabacteroids and Enterorhabsus in water, ampicillin (1 mg kg À1 ), and LAE (1 mg kg À1 ) treated groups on day 0/14/28 of drug administration (n = 10). Fig. S4 . The influence of LAE on the number of mice gut microbial groups at each taxonomic level. The number of microbial groups (n = 10) at the class (A), order (B), family (C) and species (D) taxonomic level. Fig. S5 . Depolarization of eukaryotic and prokaryotic cell membranes induced by LAE. E. coli (A) or S. aureus (B) or rat blood cells (C) were incubated with 0.4 lM DiOC 3 (5) for 1 h and 100 m M KCL was added into the bacterial suspension to equilibrate the intracellular and external K + concentrations. Then PBS, LAE or antibiotics in indicated concentrations was added to the samples, respectively. The fluorescence of each sample was monitored using a fluorescence spectrophotometer (Hitachi, Japan) at an excitation wavelength of 622 nm and an emission wavelength of 670 nm. 
